Abstract. The aim of the present study was to characterize the morphological parameters of giant cell tumor of bone (GCTB) in the knee. The imaging data of 250 patients with GCTB in the knee were retrospectively reviewed, and the morphological parameters were analyzed. The study included 137 cases with GCTB in the distal femur and 113 cases with GCTB in the proximal tibia. The maximal longitudinal diameter of the tumor was 6.616±2.322 cm in the femur group and 5.738±2.278 cm in the tibia group (P=0.003). The maximal transverse diameter in the two groups was 4.865±1.525 and 4.313±1.309 cm, respectively (P=0.003). The shortest distance from the articular surface (SDAS) in the two groups was 0.381±0.404 and 0.280±0.328 cm, respectively (P=0.035), whereas the longest distance from the articular surface in the two groups was 6.924±2.135 and 5.878±1.825 cm, respectively (P=0.001). There were statistically significant differences between the two groups in terms of the range of SDAS (P=0.043). Additionally, the incidence of pathological fractures in the femur was higher compared with that in the tibia (P=0.001), and the incidence of pathological fractures in the two groups gradually increased with the increase in lesion diameter. GCTB in the distal femur was larger compared with that in the proximal tibia, whereas GCTB in the tibia was closer to the articular surface compared with that in the femur. Furthermore, the incidence of pathological fractures in the femur was higher compared with that in the tibia.
Introduction
Giant cell tumor of bone (GCTB) is benign in histology, but presents as a local invasive growth, and its biological behavior is hard to predict (1) . Although it is not a fatal tumor, pulmonary metastasis easily occurs in young patients with recurrent GCTB at Enneking stage 3 (2) . GCTB is characterized by expansive growth and usually occurs at the end of a long bone, and in >50% patients, it occurs at the knee-joint (3). In addition, the tumor tissue often approaches the articular surface by damaging bones covered by articular cartilage (4) . Curettage can be used to remove the tumor without damaging the joint function, but a high recurrence rate following surgery remains a difficult problem to solve (5) . Although the wide excision of tumors combined with bone tumor prosthesis can markedly decrease the recurrence rate, the function of the reconstructed joint is worse, when compared with the function of the joint following curettage, due to joint defects caused by wide excision (6) (7) (8) . The range of osteotomy is correlated with tumor recurrence and joint reconstruction (9, 10) . Therefore, investigating the morphology of GCTB may assist in the accurate excision of tumors, thus decreasing recurrence caused by residual tumor cells. A major problem encountered with GCTB is that the range of excision is restricted due to limitations on bone tumor prosthesis, which increases the risk of failing to reconstruct the joint. The use of personalized prosthesis for GCTB decreases unnecessary excision and allows for the retention of more healthy bone. The morphological changes of GCTB negatively affect the biomechanical property of bones and increase the risk of pathological fractures, which may influence the surrounding soft tissue and lead to tumor recurrence following surgery (5, 11, 12) . Therefore, morphological characteristics, including the size of the tumor, the distance of the tumor edge from the articular surface and occurrence of pathological fractures, have an important impact on the treatment of GCTB and on estimating prognosis.
The present study summarizes the morphological features of GCTB in the knee and provides evidence to support the use of these characteristics to improve the accuracy of tumor excision, to decrease damage to the host bone and improve the survival rate of prostheses. In addition, the present study provides a theoretical basis for predicting the occurrence of pathological fractures in GCTB and for designing a personalized GCTB prosthesis for the knee. The clinical and imaging data of these 255 patients were retrospectively analyzed. Of these patients, 5 had GCTB in the proximal fibula (2.0%). As GCTB rarely occurs in the proximal fibula, and the fibula bears no weight, these 5 cases were excluded from the present study. The present study involving 250 patients was conducted in accordance with The Declaration of Helsinki, and approved by the Medical Ethics Committee of Tianjin Hospital. Written informed consent was obtained from all participants and the patients gave permission for publication of their images.
Measurement of morphological parameters of giant cell tumor of bone in the knee
Morphological parameters and measurement of the GCTB lesion. The morphological parameters of GCTB included the following: i) Maximal longitudinal diameter (MLD) of the tumor defined by the maximal diameter of the tumor parallel with the femur and tibia; ii) maximal transverse diameter (MTD) of the tumor defined by the maximal diameter of the tumor vertical or almost vertical with the femur and tibia; iii) the shortest and longest distance from the articular surface (SDAS and LDAS, respectively) defined as the shortest or longest distance of the tumor edge from the articular surface under the cartilage; and iv) the presence or absence of pathological fractures. It should be noted that the thickness of the articular cartilage did not require measurement. CT images of the coronal/sagittal reconstruction or MRI images of the coronal/sagittal plane with the maximal diameter were selected to measure the MLD, MTD, SDAS and LDAS of the tumors.
All these parameters were measured by two observers who had >10 years of experience in radiology, and were trained in the standards prior to observation and measurement of the current samples, including determining the optimal measuring plane and point.
Statistical analysis. SPSS (version 19.0; IBM Corp., Armonk, NY, USA) was used to analyze the data. The intra-group correlation coefficient (ICC) was evaluated to compare the measurements of MLD, MTD, SDAS and LDAS from the two observers. Age, morphological parameters, and other parameters were expressed as the mean ± standard deviation, and these data were compared using an independent sample t-test. A χ 2 test was used to compare the enumeration data between two groups, such as the packet count data of SDAS and the incidence of pathological fractures between these two groups. P<0.05 was considered to indicate a statistically significant difference.
Results

Clinical parameters.
A total of 250 patients with GCTB were enrolled in the present study. The age range of the patients was 17.2-78.5 years, and the average age was 35.3±12.4 years. Among the patients, 133 (53.2%) were male and 117 (46.8%) were female. Additionally, 137 patients (54.8%) had GCTB in the distal femur, whereas 113 (45.2%) had GCTB in the proximal tibia. The sex distribution of patients with GCTB in the distal femur was 73 male and 64 female, and the sex distribution of patients with GCTB in the proximal tibia was 62 male and 51 female. The difference in sex distribution was not significant, using a χ 2 test. The average age of patients with GCTB in the distal femur was 35.6±12.7 years, and the average age of patients with GCTB in the proximal tibia was 34.8±13.2 years. There was no significant difference in the age of patients with GCTB between these two groups (t=0.639, P=0.523). According to the imaging features, all patients presented with typical manifestations of GCBT, including expansive growth, osteolytic destruction and Intra-group consistency of the two observers. The morphological parameters were measured by two observers. For patients with GCTB in the distal femur, the ICC r values of the MLD, MTD, SDAS and LDAS measurements were 0.9797, 0.9760, 0.9728 and 0.9650, respectively, whereas those in patients with GCTB in the proximal tibia were 0.9971, 0.9720, 0.9605 and 0.9935, respectively. These results indicate that there was high intra-group consistency in the measurements of the two observers.
Measurement of the morphological parameters.
Morphological parameters of GCTB were measured from the MRI/CT images (Fig. 2) . The results of the measured morphological parameters were as follows.
MLD. Mean MLD in the group with GCTB in the distal femur was 6.616±2.322 cm, and MLD in the group with GCTB in the proximal tibia was 5.738±2.278 cm. The 95% confidence interval (CI) of MLD in the distal femur group was 6.222-7.008 cm, and that in the proximal tibia group was 5.313-6.163 cm. The measurements of MLD were significantly different between the two groups (t=2.999, P=0.003). The frequency distribution of MLD in the two groups demonstrates that the MLD measurement was generally normally distributed, with the exception of a number of tumors in the distal femur that were >12 cm, and a number in the proximal tibia that were >10 cm (Fig. 3) . In addition, 80% of the MLD measurements of tumors in the distal femur were 4.4-8.9 cm, and 80% of the MLD values in the proximal tibia were 4.1-7.1 cm.
MTD. The average MTD of tumors in patients with GCTB in the distal femur was 4.865±1.525 cm, and that in patients with GCTB in the proximal tibia was 4.313±1.309 cm. The 95% CI of MTD in patients with GCTB in the distal femur was 4.607-5.122 cm, whereas that in patients with GCTB in the proximal tibia was 4.069-4.557 cm. There was a significant difference in MTD measurements between the two groups (t=3.232, P=0.003). In patients with GCTB in the distal femur, 80% of MTD values were 3.1-6.4 cm, whereas 80% of the MTD values in patients with GCTB in the proximal tibia were 2.7-6.0 cm.
LDAS.
The average LDAS in patients with GCTB in the distal femur was 6.924±2.135 cm, and that in patients with GCTB in the proximal tibia was 5.878±1.825 cm. The 95% CI of LDAS in patients with GCTB in the distal femur was 6.563-7.284 cm, and that in patients with GCTB in the proximal tibia was 5.537-6.217 cm. There was a significant difference in LDAS between the two groups (t=4.116, P=0.001). The histogram of the frequency distribution of LDAS in the two groups was similar to the histograms of MLD and MTD, and was normally distributed (data not shown). In patients with GCTB in the distal femur, 80% of the LDAS values were within 4.9-9.2 cm, whereas in patients with GCTB in the proximal tibia, 80% of the LDAS values were within 4.4-7.5 cm.
SDAS.
The average SDAS in patients with GCTB in the distal femur was 0.381±0.404 cm, and that in patients with GCTB in the proximal tibia was 0.280±0.328 cm. The 95% CI of SDAS in patients with GCTB in the distal femur was 0.313-0.449 cm, and that in patients with GCTB in the proximal tibia was 0.219-0.342 cm. There was a significant difference in SDAS between the two groups (t=2.211, P=0.035). The histogram of the frequency distribution of SDAS in the two groups demonstrates that lower SDAS measurements were more frequent (Fig. 4) . In patients with GCTB in the distal femur, 80% of the SDAS values were within 0.01-0.75 cm, whereas in patients with GCTB in the proximal tibia, 80% of the SDAS values were within 0.01-0.51 cm.
Grouping statistics of SDAS.
To further evaluate the association between the distance from the tumor edge and the articular surface and the location of the tumor, all subjects were divided into five ranges on the basis of the SDAS values: 0-1, 1-3, 3-6, 6-10 and >10 mm (Table I) . These results indicate that there was a significant difference between the two groups when SDAS was 0-1 mm (χ 2 =9.837, P=0.043). The majority of patients in the two groups fell into the range 0-3 mm (66 cases in the distal femur and 69 cases in the proximal tibia). Therefore, SDAS presented a markedly skewed distribution in the two groups. The edge of the tumor in the two groups was evidently close to the articular surface. The further the tumor edge was from the articular surface, the lower the frequency.
Association between the size of the tumor and incidence of pathological fractures. A total of 64 patients (25.1% of 255) presented with pathological fractures. Of those patients, 47 patients had GCTB in the distal femur (34.4% of 137 patients with GCTB in the distal femur), whereas 17 patients had GCTB in the proximal tibia (15.0% of 113 patients with GCTB in the proximal tibia). There was a significant difference in the incidence of pathological fractures between the two groups (P=0.001). The MLD was divided into different ranges, with intervals of 3 cm. With the exception of the 0-3 cm range, the incidence of pathological fractures in the distal femur was higher compared with that in the proximal tibia (Table II) . The MTD was divided into ranges with 2 cm intervals. For all ranges, the incidence of pathological fractures was higher in the distal femur compared with that in the proximal tibia (Table III) . The trend of pathological fracture incidence in Tables II and III 
Discussion
The aim of treating GCTB is to improve knee function as much as possible following surgery, while also ensuring that the risk of tumor recurrence is decreased. A GCTB with a large diameter can cause extensive bone cortical damage, and induce damage in a large surrounding soft tissue mass and pathological fractures, or extensive invasion to the articular surface. These types of tumor should be treated with segmental resection and reconstruction, in order to remove the tumor and maintain knee function (12). Therefore, accurate measurement of the size and range of the tumor is essential to improve the success rate of surgery (9) . If the tumor lesion is not sufficiently excised, there is a high risk of recurrence (10) . Alternatively, if the tumor lesion is excessively excised, the normal host bone may be damaged and limb function may be affected. Therefore, similar to other bone tumors, the morphological features of GCTB, including size, distance from the articular surface and pathological fractures, are important factors that influence the surgical method and reconstruction of the tumor cavity, and the prognosis.
The extent of surgical excision required is decided on the basis of the length of the GCTB and the length of the prosthesis in the reconstruction. Therefore, a definite length of the longitudinal diameter of the GCTB would assist when devising a surgical plan, and in determining the plane in which the bone should be cut. Kivioja et al (13) measured the morphological parameters of GCTB in a group of patients with tumors in long tubular bones, and reported that the mean tumor length was 5 cm. However, that cohort included tumors in upper and lower limbs, the sample size was small, and a single method of measurement was used. The present study had a large sample size and focused on GCTB in the knee, and therefore avoided introducing variation due to differences in growth characteristics and biological behavior of GCTB in different locations. Hu (14) measured the length of GCTB in 60 patients in the knee using MRI, and reported that the mean length of the lesion was 6.7 cm, and the range was 4-12 cm. However, tumors in the femur and tibia were not investigated separately. In the present study, the mean longitudinal diameter of tumor in the distal femur was similar to that identified in the study by Hu (14) . However, for tumors in the proximal tibia, the mean longitudinal diameter in the present Table I . Range of SDAS measurements of giant cell tumors of the bone in the distal femur and in the proximal tibia. Table II . Incidence of pathological fractures and range of MLD of giant cell tumors of the bone in the distal femur and in the proximal tibia. study was markedly smaller compared with that in the study by Hu (14) . Furthermore, the mean longitudinal diameter of tumors in the present study was higher compared with that observed by Kivioja et al (13) , indicating that the longitudinal diameter of GCTB in the knee may be higher compared with that in the humerus, radius and other locations. Therefore, the range of osteotomy and the reconstructed length in the knee may be bigger compared with that in other locations. Szendröi (15) identified that in ~1/3 of patients, the size of the tumor was >50% of the diameter of the host bone at the initial diagnosis. The present study revealed that the mean MTD of GCTB in the distal femur was >50% of the diameter of the pulp cavity of the distal femur. Thus, the mechanical strength of the distal femur may be easily damaged, and pathological fractures easily occur.
MTD, cm ------------------------------------------------------------------------------------------------------------------------------------------------
The clinical significance of the distance of the tumor edge from the articular surface was recognized in previous studies. Ward and Li (16) suggested that the surgical excision plan should be influenced by the degree by which the GCTB has invaded the articular surface. In a retrospective study conducted by Blackley et al (17) on 59 cases with GCTB in the long bone, an association between the distance of the tumor edge from the articular surface and the incidence of postoperative articular degeneration was identified. In the present study, the mean shortest distance of GCBT in the knee from the articular surface was <5 mm. Patients with GCTB in the femur at a distance of 0-3 mm from the articular surface accounted for 48.2% (66/137 cases), and those with tumors in the tibia at that distance accounted for 61% (68/113 cases). This indicates that the majority of GCTB cases in the knee may occur close to the articular surface.
Dreinhofer et al (18) reported 15 cases of GCTB with pathological fractures. The distance between the tumor and articular surface was observed by measuring the thickness of the subchondral bone, and in 8 cases (53.3%) this measurement was 0 mm. The present study identified a statistically significant difference in the SDAS of GCTB in the distal femur and proximal tibia, suggesting that GCTB in the proximal tibia could more easily invade the articular surface under the soft bone, when compared with that in the distal femur. Thus, collapse of the articular surface and articular degeneration more easily occurred in the patients with GCTB in the proximal tibia. Therefore, in treating GCTB of the proximal tibia, more attention should be given to articular integrity.
Pathological fractures increase the complexity of the surgery required to completely remove tumors. Therefore, understanding the association between the incidence of pathological fractures and tumor morphology is important to determining treatment of GCTB. In a retrospective study of 54 cases of distal femur GCTB, Jeys et al (19) identified that 22% of the 12 cases had pathological fractures. The present study revealed that the incidence of pathological fractures in GCTB in the distal femur (34.4%) was higher compared with that reported by Jeys et al (19) , and compared with that in the proximal tibia (15.0%). The incidence of fracture in the femur and tibia groups increased as the tumor diameter increased. In addition, the present study revealed that GCTB diameter in the distal femur was larger compared with that in the proximal tibia, which may explain the increased incidence of pathological fractures in the distal femur compared with that in the proximal tibia.
Owing to the lack of studies on morphological parameters of GCTB and the accurate measurement of the size of the tumor, for early GCTB excision, the range of the tumor lesion is determined by X-ray plus the addition of 3-5 cm to the border of the osteotomy to avoid recurrence caused by residual tumor cells (14) . However, in increasing the length of reconstruction, the risk of complications with the prosthesis increases. If the size of the tumor is determined prior to surgery, an accurate osteotomy can be conducted. Thus, the healthy host bone can be preserved as much as possible, decreasing the risk of complications with the prosthesis. This may assist in increasing the service life of the prosthesis and developing a personalized prosthesis in the future. Chen et al (20) performed a multicenter retrospective study on 42 patients with distal femoral GCTB, who underwent artificial prosthesis replacement. It was demonstrated that the length of the osteotomy was significantly associated with loosening of the prosthesis, and decreased flexion and extension function of the knee, particularly when the osteotomy length was >12 cm. As the number of patients included in the present and previous studies is small, more patients are required to develop a database of morphological parameters of GCTB in the knee and other sites, in order to provide a theoretical basis for the diagnosis and treatment of GCTB.
